Abstract Skeletal muscle has an important role besides its obvious function in physical movement and locomotion; namely, it maintains whole-body metabolism. Maintaining muscle mass and quality with regular exercise is closely related to quality of life and a healthy life expectancy. However, the ways that exercise, and muscle contraction, in particular, contribute to our health has not been analyzed in detail. Progressive elucidation of the intracellular mechanisms underlying the metabolic changes induced by exercise/contraction and the hormones secreted from skeletal muscle (called myokines) is providing new insights into how exercise affects our health. To research these mechanisms in muscle contraction, various in vivo and in vitro experimental models have been developed. This review article outlines the existing skeletal muscle contraction models in rodents. Each model has its advantages and disadvantages. It is important to keep such features in mind when selecting an appropriate contraction model for the particular experimental purpose. Keywords : skeletal muscle, contraction system, exercise, experimental model, rodent
The importance of skeletal muscle goes beyond its function in the locomotor system and includes its function in whole-body metabolism. Maintaining muscle mass, quality, and strength by regular exercise is closely related to extending a healthy life expectancy. Endurance exercise increases the metabolic rate up to 30 times in humans 1) , which is attributed to metabolic alteration, mainly in the skeletal muscle. For example, sprint exercise increases the ATP turnover up to 100-fold in the skeletal muscle of humans 2) , and a moderate leg extensor exercise increases O2 consumption and TCA cycle flux up to 100-fold in humans 3, 4) . Research targeting skeletal muscle has become popular with the increasing awareness of its role in health and the prevention of diseases.
To understand basic skeletal muscle metabolism and/or cellular signaling mechanisms, various kinds of experimental models have been used. In general exercise models using live animal subjects, the treadmill, wheel cage, and swimming pool have been widely adopted. These models are frequently used to study the change in exercise capacity by exercise training, the effects of administrated supplements, and genetic variations. They are also used for biochemical studies regarding the alteration of intracellular molecules in isolated muscles after exercise. The main advantage of these exercise models is to observe the total effects of exercise in living animals. On the other hand, these models hardly unmask direct "cause−effect" relationships in the contraction events, because there are many contributing causes, including increased blood flow, systemic humoral factors, alteration of the autonomic nervous system, and some stress responses against forced exercise. Therefore, alternative experimental models specifically for muscle contraction are required. This review article outlines the research models for skeletal muscle contraction.
(1) In situ muscle contraction model
The in situ muscle contraction model is used as one of the in vivo exercise models (Fig. 1a) , in which rodent muscles are contracted by direct electrical stimulation of the sciatic nerve and the peroneal nerve under anesthetized conditions. Since in situ contraction is always performed on anesthetized animals, the increase in any stress-related humoral factors and the alteration of respiratory rates caused by muscle contraction is negligibly small. Sciatic and peroneal nerves in the legs are exposed, and the electrodes are directly attached to the nerves. One leg is used for contraction and the other leg as a control (sham operation) 5) . The following stimulus conditions are generally used: train rate, 1/s; train duration, 500 ms; pulse rate, 100 Hz; duration, 0.1 ms at 2-5 V for a defined time.
Muscles 6) . As a similar model, contractions are elicited via a surface electrode with trains of stimuli (0.2 ms pulse duration at 40 Hz, 10 V, lasting for 0.2 s) for 5 min to measure the carnitine uptake to the hindlimb muscles (soleus, plantaris, and gastrocnemius) 7) .
(2) Ex vivo (also called "in vitro") contraction system
An "ex vivo" (or "in vitro") contraction system can avoid humoral factors derived from organs other than skeletal muscle. Isolated muscle can be cultured for at least 24 hours and still maintain its metabolic characteristics 8) . This system was originally used to measure glucose uptake to skeletal muscle by insulin stimulation; namely, isolated muscle was cultured with insulin in a buffer containing radioisotope-labeled glucose. This original system was not equipped with a contraction apparatus. Interestingly, exercise/muscle contraction also induces glucose uptake independent of the insulin-signaling pathway; thus, glucose uptake in skeletal muscle involves two different major pathways, insulin and contraction 9) . The contraction-induced glucose uptake pathway has important clinical and therapeutic aspects for insulin resistance in the skeletal muscle, a characteristic feature of type 2 diabetes. Therefore, some attention has been given to finding the contraction-activated molecules as new drug targets for type 2 diabetes. In addition, sarcopenia or muscle loss with aging is becoming a serious social issue in our progressively aging society. There is increasing demand for a method to measure the muscle contraction force as an index for the weakness of muscle function, since at present there are no adequate biochemical markers in skeletal muscle or humoral markers in the circulating blood known to reflect the condition of sarcopenia. Measurement of muscle force can also serve as a criterion for screening drugs that inhibit sarcopenia. For these purposes, an ex vivo incubation system was developed by which a muscle is attached to an electrode and strain gauge for measurement of the contraction force induced by electric pulse; this system has been in use for more than two decades 10, 11) . The system was originally configured vertically as shown in Fig. 1b (left, the conventional system). The isolated soleus or extensor digitorum longus (EDL) of the mouse is hooked to an electrode with silken threads tied at both tendon ends and stimulated by an electric pulse at a train rate of 2/min, train duration of 10 s, pulse rate of 100 Hz, and duration of 0.1 ms, at 100 V with supplied oxygen [10] [11] [12] [13] . The muscle contraction force is measured by a force transducer based on the strain gauge. A thin muscle such as the mouse soleus and EDL is suitable for the penetration of oxygen and substances like radioisotope-labeled glucose in the buffer. In rats, the epitroclearis 13) , a split EDL 14) or a split soleus 15) is used for these types of experiments. However, only a few researchers have used this system since the operation of muscle attachment or keeping the contraction condition stable in the vertical configuration requires a specific technique. Recently, the author's group developed a new type of horizontal incubation system (Fig. 1b right) . The new system is comprised of a muscle incubation apparatus, an electrode, a transducer, an incubator, and a pulse generator. Muscle preparation in the new system can be done with less stress than in the conventional system, as the changes in the fundamental structure simplified the experimental procedure (see reference 11) in detail). Therefore, the new system will provide a useful tool for analyzing the metabolic changes induced by contraction and for screening potential drug therapies for sarcopenia.
(3) Contraction system for cultured skeletal muscle
In situ contraction, examining muscle in whole-body animals, or ex vivo contraction, examining isolated skeletal muscle, necessarily includes the tissue surrounding skeletal muscles such as blood vessels, nerves, and connective tissues. In these models, it is difficult to define whether experimental responses are directly attributable to skeletal muscle cells. Recent technical advances have enabled us to contract cultured skeletal muscle cells; this is known as the cell contraction model (Fig. 1c) . The cell contraction model is used to examine what intracellular signaling changes and metabolic changes are induced by contraction [16] [17] [18] [19] [20] [21] . It is also used to find new myokines, physiologically active substances secreted from skeletal muscle cells. Some proteins (considered myokines) have long been suggested to be secreted from skeletal muscle cells based on evidence that these proteins are elevated in the serum of animals or humans who exercise. However, there has been no direct method to validate whether the proteins were derived from the muscle cells themselves or the surrounding tissue. The cell contraction model has made it possible to uncover the existence of myokines by analyzing the proteins secreted from contracted skeletal muscle cells in culture medium 21, 24) . In the cell contraction model, C2C12 cultured cell lines [20] [21] [22] or primary cultured cells that originally derived from isolated satellite cells in the mouse skeletal muscle 18, 19) are differentiated into myotubes. The myotubes are stimulated with electric pulses. The standard contraction protocol used in the author's laboratory is 20 ms duration at 1 Hz for a given time period in an incubator at 37˚C. It should be noted that myotubes can be damaged if the current or period of electrical stimulation is too great 23) . Since muscle damage induces various intracellular responses including apoptosis and inflammation, it is difficult to assess whether the resulting responses from damaged myotubes are caused by contraction or cellular damage. Therefore, setting the appropriate stimulus condition is essential for obtaining meaningful results.
Cell types (C2C12 or primary myotubes) should be chosen according to the study purpose. The advantage of using primary myotubes is that the cells have higher 375 JPFSM : Experimental research models for skeletal muscle contraction (A) In situ contraction model. First, the sciatic nerve and the peroneal nerves are exposed. Then the electrode connected to the pulse generator is attached to the sciatic nerve and the peroneal nerve and stimulated by the electric pulse. (B) Ex vivo contraction model. In the conventional system (left), the isolated muscle tied with looped strings is vertically hooked up to the apparatus. When measuring the contraction force, one end is hooked to the strain gauge, and the other end is fixed to the apparatus with an electrode and stimulated by the pulse generator to induce contraction. Muscle tension is monitored via a transducer and analyzed by the data acquisition system. In the new system (right), the isolated muscle tied with the looped strings is hooked up horizontally. The structure of the new system is almost the same as that of the conventional system except the electrodes in the new system are attached to the lid. For details, see Reference (11) . (C) In vitro contraction model. Cells are seeded on a 4-or 8-well rectangular dish and differentiated for 5 days. For contraction, the plates are connected to an electrical stimulation apparatus and stimulated with electric pulses.
sarcomere assembly and contractile activity than C2C12 myotubes 18) . In addition, the expression levels of total myosin heavy chain, cytochrome c oxidase IV, and myoglobin, which are the main compartments of skeletal muscle tissue, are significantly higher in primary myotubes than in C2C12 myotubes 18) , suggesting that the characteristics of the skeletal muscle are more fully expressed in primary myotubes rather than C2C12 myotubes. On the other hand, primary cultured cells are not as easy to deal with as C2C12 cells, since the culture process of primary cells requires multiple steps (see the references [16] [17] [18] , for steps of the processes). Furthermore, culturing a large amount of primary cells at the same time is difficult due to their limited proliferation.
As a similar model, the cell-stretching system, which involves mechanically stretching and compressing cells using flexible-bottomed wells, is frequently used 24, 25) . Although the stretching system has been widely accepted as a cell contraction model, the cellular response by stretching is different from that by contracting. For example, AMP-activated protein kinase (AMPK), which is usually activated by exercise or electrical stimulation, is not activated by the passive stretching of isolated mouse skeletal muscle in vitro 26) . Therefore, researchers should use care in determining which type of cell contraction model to use.
Conclusion
Each muscle contraction model has advantages and disadvantages. Researchers should understand the profile of the model and take care in selecting the model according to the objective of the study. To understand the mechanisms by which exercise exerts its effects on health, it is important to assess muscle contraction from various points of view.
